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Introduction D irect analysis in real time (DART), which is an easy way to complete ambient pressure desorption ionization technology that permits analysis of solids, liquids, or gases with limited sample preparation [1] , is a novel ionization for rapid, noncontact surface sampling of compounds, which belongs to the growing family of direct sampling ambient ionization techniques. Ambient MS techniques make use of well-established ionization principles, such as electrospray ionization (ESI), chemical ionization (CI), and atmospheric pressure chemical ionization (APCI) , in an open air format to achieve high-throughput detection. Operating at ambient pressure with the sample at ground potential, the source enables near instantaneous determination of sample composition by using mass spectrometry. DART-SVP (standardized voltage and pressure) technology enables routine operation by adding a robotic sample presentation system to improve capability for quantitative as well as qualitative analysis, and to get more reliable desorption ionization. Based on principles proposed by Song et al. [2] , it appears that the mechanism of DART involves the electronic or vibronic excited-state species generated in the source to interact with reagent molecules and polar or non-polar analyte present near the inlet of the mass spectrometer. A point-to-plane atmospheric pressure electrical discharge creates plasma, which contains ions, electrons, and excited neutral atoms and molecules, as inert gas flows through the DART chamber. A heated coil increases the temperature of the gas as it travels towards the exit orifice of the DART source. The heated gas containing neutral atoms/molecules, ions, and metastables formed in the heating/discharge area passes through electrodes to remove ions so that only neutrals and metastable species exit the chamber towards the inlet of the atmospheric-pressure ionization mass spectrometer. Through Penning ionization taking place in the open space between the exit of the DART source and the inlet to the atmospheric-pressure mass spectrometer, atmospheric gases such as water molecules are ionized. The water molecular ions dissociate to form gas-phase protons, which then react with water clusters to form protonated species, mostly [(H 2 O) 2 ]H + . These protonated water clusters then undergo gas-phase ion/molecule reactions with analytes. The heated gas facilities desorption of the analyte. It has been theorized that analyte ionization of the surface holding the analyte also takes place, and that these ions are then desorbed into the gas phase. In recent years, many researches have successfully demonstrated the ability of DART for qualitative and quantitative analysis. Analysis of solids or liquids, including illegal additives [3] , Chinese herbal preparations [4] , human blood sera [5] , peptides [6] , oligosaccharides [7] , synthetic organic molecules [8] , organometallics [9] , toxins [10] , polymers [11] , cosmetics [12] , fungicides on wheat [13] , counterfeit drugs [14] , explosives on clothes or shoes [15, 16] , biological matrices [17] , and environmental samples after stir bar sorptive extraction [18] have shown that the DART is a versatile method for rapid detection of analytes. These chemicals have been detected on surfaces including concrete, asphalt, human skin, currency, paper stock, vegetables, fruit, and even clothing. However, no study has been published using the DART technique to quantitate dicyandiamide (DCD).
DCD is a dimer of cyanamide with chemical formula C 2 H 4 N 4 . In September 2012, traces of DCD were found in powdered milk produced by Fonterra, a New Zealand company. The substance is found in certain fertilizers and is used to prevent nitrogen loss in the soil and keep it in the ammoniacal form [19] . Additionally, DCD as a nitrification inhibitor in some pastures is used to promote the growth of grass; consequently, the cow's milk may contain traces of DCD by eating such grasses [20] . This newly defined contaminate in powdered milk can lead to harmful effects to human health, especially in infants and young children. The chemical became an issue after organizations such as the US Food and Drug Administration added it to a list of substances to be tested. However, an international standard has yet to be aligned for DCD. Consequently, there is a demand for an analytical technique that can reliably monitor for DCD in powdered milk. The common methods of detection for DCD involve HPLC-UV [21] , HPLC-MS/MS [22] , ultra performance liquid chromatography-electrospray ionization-tandem mass spectrometry (UPLC-ESI-MS/MS) [23] , and ion exclusion chromatography (IEC-UV) [24] . Although current mass spectrometric methods are very powerful, they involve multiple sample preparation steps (extraction, derivatization, etc.) and require a lot of time per analysis. With the ever-increasing demand for food safety risk identification, a more rapid, accurate, and high-throughput MS approach for DCD is required.
In this study, we developed a method for qualitative and quantitative analysis of DCD in powdered milk based on the DART ionization source coupled with a quadrupole time-offlight tandem mass spectrometry (DART/Q-TOF MS/MS). DART is a non-contact desorption ionization technique carried out at atmospheric pressure, thus reducing the need for sample preparation. Moreover, this technology saves a lot of time without the need for chromatographic separation. In the traditional 12 DIP-it Holder Module (DM-DART) sample introduction method, liquid samples (1 μL) are deposited on the closed end of a glass capillary probe, allowed to dry, and then introduced into the ionization region mechanically or manually. In this approach, a multitude of geometric variables affect analyte desorption, ion transmission, and the reproducibility of the experiments, as the sample capillary itself creates turbulence while being introduced into the ionization region [25] . To minimize the variances introduced by the DM's geometry factors, the Transmission Module (TM)-DART, originally reported by Perez et al. [26] was used as an alternative. TM operation is highly advantageous as the sample can be deposited directly on a stainless steel mesh that is held in the ionization region by a programmable linear rail placed directly between the ion source and the mass spectrometer inlet. TM operation enables the DART plasma gas stream to interact with the sample in a flow-through fashion, thereby maximizing interaction with ionizing species and minimizing variance in sample positioning. In this work, we developed and validated a TM-DART MS/MS method for quantitative determination of DCD using an external standard calibration. DCD in several batches of powdered milk was determined.
Experimental

Materials and Reagents
Woven wire screens (74×74 mesh) were provided by IonSense, Inc. (Saugus, MA, USA). Ultra high purity helium (99.999%) was purchased from Beijing AP BAIF Gases Industry Co., Ltd. (Beijing, China). Acetonitrile (HPLC grade) was purchased from Thermo-Fisher Scientific (Waltham, MA, USA). Deionized water was prepared by passing distilled water through a Milli-Q system (Millipore, Milford, MA, USA). DCD was produced by J&K Scientific Ltd (Beijing, China). Ten cans of powdered milk (Similac, 9xx11T22-9xx20T22, 900 g) were purchased from a local market.
A 50 mg sample of the reference DCD was carefully weighed to the nearest 0.01 mg and dissolved in acetonitrile in a 100 mL volumetric flask. Acetonitrile was added to the line on the flask to result in a 500 mg L -1 solution. The solution was stored at 4°C. Working solutions of DCD were obtained by diluting the stock solution with acetonitrile (concentrations= 100, 250, 500, 1000, 2500, and 10,000 μg kg
).
Mass Spectrometer
The analyses were performed using an Agilent 6530 Q-TOF mass spectrometer (Agilent Technologies, Waldbronn, Germany) with detection capability for positive ion. Prior to coupling with DART ion source, the mass spectrometer interface was modified with the addition of a VAPUR interface [27] provided by IonSense connected to a dry vacuum pump (Welch-Ilmvac; Gardner Denver, Inc., Niles, IL, USA) in order to reduce the amount of discharge gas flowing into the mass spectrometer atmospheric pressure inlet. Mass spectrometer operating parameters were set as follows: drying gas temperature, 350°C [28]; capillary, 1000 V; skimmer, 65 V; OCT1 RFVpp, 100 V; the collision energy is 22 V. Mass spectra were recorded in the m/z scan range 20-400. Before starting the experiments every day, we calibrated the mass spectrometer using ESI source with the reference solution supplied by Agilent, and then changed the ESI to DART. Data acquisition, signal averaging, and background subtraction were accomplished with Agilent MassHunter acquisition software (ver. B.04.00).
DART Ionization Source
The DART SVP ionization source (IonSense, Inc.) equipped with a Transmission Module (P/N JVL-2100-A) was used to present samples for analysis. The Transmission Module has a series of 10 holes with 7 mm diameter placed every 14 mm as a stage for holding a metal screen onto which samples can be pipetted (Figure 1 ). Individual samples are pipetted into the center of each hole. After allowing the solvent containing the sample to evaporate at room temperature for a period of approximately 2 min, the module is mounted in position on a programmable linear rail capable of moving through the gap between the DART source and the ceramic ion transfer tube (1.5 mm i.d. × 90 mm) of the VAPUR leading from the ionization region to the atmospheric pressure inlet of the Agilent mass spectrometer. The speed at which the samples move through the ionization region is programmed and can be set to values between 0.2 mm s -1 and 10 mm s -1
. Helium was used as the ionization gas and the exit grid voltage was set to 350 V for positive ion mode. In operation, the heated helium carrier gas exits the DART source and passes through the wire mesh where it vaporizes molecules of interest into the atmosphere where ionization occurs.
Sample Preparation for DART-MS
Prior to use as sampling supports, the wire screens were cleaned to remove foreign material by placing them in a furnace at 500°C and baking for 3 h to remove industrial contaminants [29] . After cooling, rectangular pieces of mesh were used to load samples.
Powdered milk samples (1.00±0.01 g) were accurately weighed in 15 mL polypropylene (PP) centrifuge tubes. Aliquots of the working solutions were pipetted into the tubes to simulate DCD concentrations of 500, 1000, and 5000 μg kg -1 . Then, the samples were shaken manually (30 s) with 2 mL of water and extracted for 7 min with 8 mL acetonitrile by sonication. After centrifugation of the extraction mixture (10 min at 10000 r min -1 , 4°C), the supernatant was passed through a 0.22 μm membrane filter prior to DART/Q-TOF MS analysis.
Operational Method
The wire screen was positioned in the DART TM, which has 10 holes designed to orient the screen such that the heated He carrier gas passes directly through the center of each hole [30] . Individual 10 μL aliquots of each of the six working solutions were pipetted onto the center region of each wire screen. Blank samples were prepared by pipetting 10 μL of acetonitrile directly onto the screen in the first and last hole. The samples were allowed to dry by leaving them for several minutes in open air. After the drying period, the Transmission Module was mounted on the linear rail. The control program was activated to push the individual samples through the ionization region between the DART source and the VAPUR inlet, which is an interface aligned with the atmospheric pressure inlet. The samples were analyzed sequentially by pushing the module through the ionization region at a rate of 1 mm s -1
. The temperature of DART metastable gas stream was set to 300°C.
Results and Discussion
To evaluate and optimize performance, the key DART experimental parameters affecting desorption and ionization were investigated. The focus of the investigation was primarily on sensitivity and repeatability. The optimum values of DART ionization source are presented in Table 1 .
Comparison of DM-DART and TM-DART
The standard working solution (10 μg mL -1 ) was used to investigate the precision of both DM-DART and TM-DART. The abundance (n=6) of [M + H] + was monitored using both techniques. It was found that the values of coefficient of variance (CV) for the [M + H] + DCD ion were lower for TM-DART than DM-DART (Table 2) , thus supporting the hypothesis that minimal variance in sample positioning and minimization of turbulence with a flow-through configuration increases repeatability. The smaller diameter of the glass probes utilized for DM-DART caused the sample deposition process to be more difficult and less reproducible. Owing to the thermal desorption process involved in DART ionization, the sensitivity observed in both modules was directly related to the thermal conductivities of the substrate materials over which the sample was deposited (glass:
, stainless steel: 15
) [31] . During TM-DART analysis, stainless steel probably more efficiently dissipates the heat from the helium plasma plume, resulting in less thermal energy focused on the sample for analyte desorption. As the glass probes are thermally insulating, the heating rate for analyte desorption in DM-DART is higher, thus leading to a more transient and efficient desorption profile. However, the precision is considered as the most important factor in this comparison and for these experiments absolute sensitivity was sacrificed for the improvement in measurement of the abundance; therefore, the TM was chosen as the experimental apparatus.
The Position of the Mesh
Experiments also showed that the position of the DART gas outlet relative to the mesh greatly affected the intensity ( Figure  2a ). Sensitivity was greatly reduced when the DART gas outlet was not in close proximity to the mesh holder. This effect was most likely caused by excessive cooling leading to poor thermal desorption. The simulation showed that the heated gas plume is channeled almost completely through the sample area when the DART cap is 1 cm away from the module in TM-DART.
Temperature
Determination of the DART optimum gas heater temperature was completed by analysis of different aliquots of the same sample at desorption gas temperatures of 50, 100, 150, 200, 300, 350, 450, and 550°C, respectively. The average signal intensity for protonated dicyandiamide at each gas temperature is shown in Figure 2b . Overall, a slightly curve-shaped trend was observed. Lower temperatures were not efficient enough to desorb samples. There was no signal when temperature was Figure 1 . Photograph of the automated TM-DART system. The top panel shows the automated TM system during an analysis placed between the DART ion source and the VAPUR inlet. The bottom panel displays the module used to hold the stainless steel mesh strip, as well as a stainless steel mesh strip ion. The DART analysis of dicyandiamide has similar abundance when increasing the gas temperature from 200 to 300°C. As the temperature of the He gas was further increased to 350°C, the abundance of the [M + H] + ion began to decline. Based on these results, the gas temperature for additional experiments was set to 300°C.
Sample Presenting Speed
The time duration for a desorption ionization experiment with the DART SVP is affected by the speed with which the sample is pushed through the ionization region. In order to determine the optimum sample presenting speed, duplicate samples were analyzed with the linear motor drive set to push at a rate of 0.2 to 2 mm per second (Figure 2c) . In all cases, the relative abundance of sample-related ions was greater at the lower speed setting of 1 mm s -1
. This value was subsequently adopted for the method.
The VAPUR Pressure
VAPUR atmospheric pressure interface was designed to improve collection of ions desorbed from the surface by collimating them for transfer into the MS. In the VAPUR, a small gap (2 mm) was provided between the ceramic tube of the VAPUR Table 2 interface and the atmospheric pressure inlet to the mass spectrometer so that suction from a low capacity vacuum pump could be used to evacuate the region. To obtain satisfactory transport of ions through the ceramic ion transfer tube of the VAPUR interface to the mass spectrometer's inlet and to minimize background signals, careful optimization of the pressure in the interface chamber was carried out. This parameter, which influences both pressure in atmospheric-pressure interface and analyzer of the mass spectrometer, can be changed by adjusting the restrictor valve of the dry vacuum pump connected to the interface chamber. The function of the pump is to remove more gas containing molecules desorbed from the sample into closer proximity to the instrument atmospheric pressure inlet. When pressure in the chamber is too low, ions are sucked out, whereas at high pressure ions do not reach the mass spectrometer's inlet. Figure 2d shows the dependence of analyte intensity on the pressure in the interface of the mass spectrometer at various settings of the dry vacuum pump. Maximum response was obtained for DCD at pressure -60 kPa.
Solvent
The impact of organic solvent on sensitivity of DART/Q-TOF MS measurement was studied by comparison of DCD signal 
Identification of DCD by DART/Q-TOF MS/MS
To directly identify dicyandiamide, DART-MS and -MS/MS data were acquired. The [M + H] + ion of dicyandiamide was confirmed by measuring its accurate mass (m/z=85.05142) and matching it to its elemental composition. Through using Find Compounds and Generate Formulas, Agilent Qualitative Analysis B.04.00 software produced candidate compound C 2 H 4 N 4 . The relative abundance (4.1%) of stable isotope peaks in the protonated molecule region of the mass spectrum was compared with theoretical ion distribution to improve confidence in the identification. Because the intensities were not significant when the concentrations were at lower level, we conducted the MS/MS analysis by setting m/z 85.0509 as the value of precursor ion in order to reduce the interference and increase the intensity. The product ion (m/z = 85.0509→68.0254, 43.0296) mass spectra obtained for the protonated molecule ([M + H] + ) obtained from the DCD standard and the DCD sample spiked into the powdered milk were found to be nearly identical as seen in Figure 4 . These spectra had peaks representing the same product ions.
Quantitation of DCD in Milk by DART/Q-TOF MS/MS
The DART-MS method for direct and rapid quantitation of DCD in powdered milk was validated by using an external standard calibration curve. The extracted ion current profile of the product ion (m/z=68.0254) of DCD (m/z=85.0509) was plotted and integrated to determine the peak area. . Error bars are standard deviations (n = 6) represents the extracted profiles at the 1000 μg kg -1 standard solution level. The calibration curve of DCD, obtained by analysis of solvent standards, was generated by using analyte response (peak area) versus analyte concentration.
Linearity The linearity of standard calibration was evaluated by analyzing the standard solutions of DCD at six different concentrations (100, 250, 500, 1000, 2500, and 10,000 μg kg -1 with peak area 3913.7, 4202.5, 24527.7, 51623.3, 132634.8, and 524025, respectively). As shown in Figure 6 , the linear calibration curve was y ¼ 52:765x À 2707:5 with a satisfactory correlation coefficient (R 2 ) of 0.9997, and the linear range was 100-10,000 μg kg -1 .
Limits of Quantitation and Limits of Detection
The sensitivity of the method was evaluated by determination of the limit of quantitation (LOQ) and limit of detection (LOD). LOD and LOQ were defined at the concentration with a signal-to-noise ratio (determined by intensity) of at least 3 and 10, respectively. These parameters were determined empirically by analysis of a series of decreasing concentrations of standard solution. The results demonstrate that the LOD of DCD was 100 μg kg -1 , and LOQ was 250 μg kg -1 (Supplementary Table S1 ).
Precision and Accuracy Method precision was checked by intra-day and inter-day variability using the external standard method. The intra-day variability study was carried out by measuring the same standard solution consecutive times in the same day. The inter-day variability study was carried out for 3 successive days using the same solution. The RSD values obtained from run-to-run and day-to-day precision studies are 4.5% and 9.2%, respectively (Supplementary Table S2 ). Recovery was performed by spiking DCD with three levels of concentration into the working solution of powdered milk sample. The mixture was analyzed using the external standard method described. Six replicates were performed for the test. Table 3 summarizes selected performance characteristics of the DART/Q-TOF MS method, determined during the validation process. Good recovery (80.1%-106.5%) and repeatability were obtained for DCD. This recovery was deemed to be acceptable for direct and rapid quantitation of analyte.
Conclusions
In the present work, a DART/Q-TOF MS/MS method has been successfully developed for rapid qualitative and quantitative analysis of DCD in powdered milk. High-resolution tandem mass spectrometry provides useful accurate mass measurement and structural information for identification of DCD. Highthroughput, automated quantitative analysis of DCD in powdered milk was performed following a simple extraction procedure. Optimization of DART/Q-TOF MS parameters enables detection of milk contaminant with DCD at a level as low as 100 μg kg -1
. These results prove that the TM-DART/Q-TOF MS system could be a powerful analytical technique for rapid assessment of DCD with minimal sample consumption. It is obviously advantageous compared with commonly used chromatography-mass spectrometric schemes.
